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1 Intr oduction

We submitthis reportto provide a costestimatefor the developmentof a completetransmissze
microshuttebasedMulti-Object Spectrograph(MOSh concertwith our sciencenstrumentcon-
ceptreportof Septembefl999. The Septembereportcontainedonly the costfor the technology
developmenif thetransmissie microshuttelcomponent.

Thisreportis baseduponathreeweekstudyeffort conductedy the InstrumentSynthesisand
AnalysisLaboratory(ISAL)at GoddardSpace-light Center;theteamincludedthePl, severalCo-
I's,systenmengineerandspecialistsn optics,structuresmechanismghermaldesignandanalysis,
andelectronics.Two costestimatesreprovided;agrassrootgostestimategeneratedby the ISAL
teamanda costgeneratedy the ResourcéAnalysisOffice(RAO).

1.1 Assumptions

Theconceptdesignandestimateassumehefollowing:

e All MOS dataprocessingrebe handledoy MOS specificelectronicsIf the NGST C&DH
can handlethe autonomoudVOS tamgeting processingMOS specific electronicscan be
reduced.

e The MOS structureand optics are madeof aluminumand kinematicmountsare usedto
mounttheMOSto thelSIM. Thermalgradientshouldbelessthatl K acrosgheinstrument,
sotheMOS s essentiallyisothermal.

e All opticsandmechanismbave atleastonethermalsensarThefilter wheelhasa heater

e Mechanism$iare averylow duty cycle andrequireno powerto maintainpositionwhile not
moving. They arestrappedo minimize cool down time afteractuation.

e The 4k x4k detectorsdetectorcold and warm electronicswill be provided, GFE, by the
NGST project.

e The"Yardstick”ISIM interfaceis assumed.

e Standardosslesslatacompressionvould be providedby the spacecrafaspartof thecom-
municationgrotocol.

e If MOS pick-off mirror canbeplacedslightly aheadf the OTA field mirror minimizingfocal
surfacecurvature theradiusof curvatureof thefocal surfaceimpingingon thetransmissie
microshuttewould thenbe about2.2 meters. We canthenforgo a 3 mirror Offner relay
beforethe microshutter
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1.2 ISIM Interface Issues

Mass The MOS massis 173kgs, hotincludingthe warmsideelectronics.The massof thewarm
sideelectronicsaandcableis about2.3kgs.

Cold SidePower Detectordissipatel8 mWs,andthemicroshutteaboutl mW. Thefilter wheel
dissipationis negligible.

Warm Side Power 10.6Watts
Volume 1.64m?

Dimensions 1900 by 900 mm with a cut-outof 500 by 350 mm. The heightof the instrument
is 640mm. A secondarypticalbenchis 600by 541 by 500 mm. This portionis partially
within thecurrentISIM trussdesignvolume.

Cold-sidetemperature Theoptics,exceptfor thedetectorsshouldbe 70K or colder Thedetec-
torsshouldbecolderthan32K.

Optical alignmentto the ISIM ThelSIM canmaintainlSIM—to—MOSopticalalignmenton the
orderof 10th’s of amillimeter.

Focal surfaceflatnessat microshutter Sufficientto obviate needfor a 3 mirror Offnerrelay be-
forethe microshutter

Data Rate After co-addingthe MOS dataratewill beabout32 kilobytespersecond.

2 TechnicalDescription

2.1 Optical

The 7.5 x 3.75 arcminutefield of view is larger thanthe OTA was designedfor, so the OTA

TertiaryandFastSteeringMirrors wereenlaged(sedigure 1). A pickoff mirror is insertedin the
convemging f/24 beamto divertlight sidevaysto themicro shutterarray Thearrayselectgortions
of thefield to transmitto the spectrometesection,with a platescaleof 0.107arcsecondper 100
micron shutteraperture.The OTA focal surfaceis curved so thatindividual 512 x 512 segments
of themicro shutterarrayarestaggeredn focusto matchthelocalfield. Thediverging chiefrays
from suchalargefield of view make aBaF2or MgF2field lensnecessaryalthoughthe pickoff and
fold mirrorsmight be usedfor this instead.A fold mirror directsthelight forwardagain,towarda
collimatingmirror. Thismirrorwill probablybeatoroidor off-axisaspherén thefinal design.The
spectralselectionelementscomenext, at a pupil in the collimatedbeam. Filters for the gratings
wouldbeplacedheretoo, usedn doublepass.Finally atwo elementameraelaysthebeamto the
detectorarray The cameraelementdave not beenoptimizedeither but will probablybetoroids
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or off-axis asphereglso. The cameramapsthe 0.107arcseconghuttersonto 28 micron detector
pixels.

Figurel:
MOS instrumenbpticallayoutandray tracediagram.

2.2 Packaging

The MOS instrumentconsistf several opticalelementsaandtwo mechanismsthe micro-shutter
arrayandthe gratingwheelmechanismThe componentaremountedon a large primary optical
benchor asmallsecondanpench(sedigure 2). Theinstrumentstructureandcomponenmounts
aremadeof aluminumto provide uniform propertiesconsistentvith the aluminumoptics. Light
from the ISIM faststeeringmirror is directedto a fold mirror at the MOS entrance.This mirror,
the micro-shutterarray anda field lensare mountedon the secondaryptical bench. The other
componentaremountedon the primary opticalbench.The gratingwheelmechanisntonsistsof
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a Gene&ra mechanisndriven by a steppemmotor. The MOS is mountedto the side of the ISIM
cagestructure.ISIM mustmake someaccommodatiofor the MOS secondarppticalbench(see

figure3).

Figure2:
Mechanicapackagingof thetransmissie microshutteMOS instrument.

2.3 Thermal

Thegoalof theNIR MOS thermaldesignis to yield thelowestpossiblecryogenidemperaturesn
theMOS detectorandopticalbench.In addition,this thermaldesignprovidesisolationin orderto
minimizeits impacton therelatively isothermaknvironmentof thelSIM. Thethermaldesignwill
utilize entirelypassve coolingtechniques.

The MOS detectowill be mountedo the MOS optical benchusinglow conductancenounts
(ULTEM-1000)andthe detectorwill be isolatedfrom radiatve heattransferthroughthe useof
thermalblankets. Cooling of the detectorwill be achieved througha copperthermalstrapcon-
nectingthe detectorto the ISIM detectorradiator Thermalanalysef the YardstickISIM have
revealedthatcoolingto 30-32Kis readilyachievableusinga smallthermalstrap(<1kg).

The MOS optical benchwill be attachedto the ISIM optical benchtrussstructurethrough
the useof low conductancenounts. Thesemountssene to restrictthe flow of heatfrom the
ISIM throughthe MOS optical benchto the detector They alsosene to ensuremore uniform
temperaturalistribution on the optical bench. Thermalanalysesf the YardstickISIM indicate
that the temperaturggradientfor both an Aluminum and Gamma-Aluminabenchis negligible

(< 1K).
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Figure3:
Thetransmissie microshutteMOS instrumentttachedo the NGSTISIM.

All warmelectronicqdataprocessinghouselkepingetc.) will beisolatedfrom the cryogenic
ervironmentof the ISIM by placingtheseitemson the sun-sideof the NGST sunshield. Heat
arisingfrom conductve transportlongtheharnessingrom the electronicgo themechanismand
detectorof the MOS will bedrawn off alongits pathin the samemannerasotherISIM harnesses.

2.4 Electronics

The MOS electronicss composef five electronicscards,approximatelyé x 8.25inches,that
arehousedn a electronicsdbox locatedon the warm sideof the ISIM. As shawn in figure 4, the
MOS electronicsconsistsof a card for controlling the microshutter a card for controlling the
aperturewheel,a cardfor collectinghouselkepingdata,a cardfor interfacingto the NGST and
providing additionalimagememory anda cardcontaininga dataprocessorThe lattertwo cards
arerequiredto supportautonomousperationof the instrument. A cabling harnesscontaining
approximatelyl20 signalsprovidesthe interfacesnecessaryor controlling the microshutter(~
27),controllingtheaperturevheel(~ 8), andcollectingdatafrom theremotetemperatursensors
(~ 80). Althoughunknawvn at the presentthe cablingharnessnay consistof flexible flat cables
containingcopperwires laminatedbetweenayersof Kapton,with gold or coppermetalvacuum
depositedon the surface. The crosssectionalareaof the cableswill be very small, minimizing
thermalconductvity without overly restrictingelectricalconductvity. An additionalbenefitof
this approachs thatwhereneededcontrolledimpedancesnaybe provided.

This estimatancludesthe electricalGSE. It is assumedhatthe GSEwould provide the MOS
instrumentwith:
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¢ limited dataprocessindunctions,
e accesdo its collectedimages,

e anundesignatedumber(TBD) of cardslotsaccessibl®vereithera PCl or otherhighspeed
peripherabus,

e regulatedpower.

optics, detectors, etc.

|, Sensors

. |

micro ghutter

array
2K x 4K shutter control NGST bus(es)
&

MOS Warm Electrorfics

h 4 A 4
motar control aperure micro- house- interface &

whesl shutter array keeping image CPU
controller controller memary

k

"
aperture wheel il

< >
PClbus

GFE cards not shown. Infarface and CPU card
are only required for aufonomous operafion

Figure4:
Electronicsblock diagram.

2.5 Software

Softwaredevelopmentor thisinstrumenincludesheon-boarcembeddedoftware NGSTC&DH
basedsoftware,andthe groundsoftwarefor controllingthe MOS. On-boarddataprocessingrom
MOS, aswell asfor the otherinstrumentsshouldbe primarily a matterof readingthe detectors,
co-addingthe data,and flagging bad datadue to detectorcosmicray impacts. We would levy
requirement®n the NGST provided detectorsub-systento ensureour needsaremet. The MOS
specificsoftwarewould controlthe mechanismandheatersmonitortheinstrumentandprovide
autonomousargetselectionfor the MOS baseduponknown algorithms.An algorithmsimilar to
theautonomousargetselectioralgorithmrunningona SUN(~ 3 GHz) workstationprocesse800
objectsin 3 seconds. A 1 GHz machineshouldbe ableto proces20,000targetsin 70 seconds.
About16 MBytesis requiredo storetheimageplusworkingsspacen memoryandprogramstore.
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2.6 Integration and Test

To minimizerisk, we planto emphasizeryogenictestandcharacterizatioof critical components
well beforesystemintegration. Theinstrumenipticaldesignhasbeendesignedothatalignment
tolerancesrereadily achiezable. We will provide a groundsystemfor test,but expectthe NGST
projectwill provide aninterfacesimulatorandappropriateaemplatedor verification.

Cryogenic
t Performance Ground Support Equipment
Characterizatign

Structural eleme Component :
Heater Environmenta| Integration | -] Fur}ctlct)nal

Cable Qualification es
; : ; Mass Cryogenic

Acoustics Vibration . [ yog
Properties Calibration

Thermal Cryogenic .

EMI/EMC Vacuum/  |—=| Caﬁbf’aﬁon |  Ship

Balance

Figureb:
Flight qualificationof aMOS instrument.

2.7 High Spectral Resolutionwith High Sensitvity

The highestpossiblesensitvity over the .6 to 5 um rangewith R ~ 3000— 5000canbe provided
by cross—dispersingnechellevia a prism.

The higherresolvingpower mode,R ~ 3000— 5000,wasdescribedn the Septembereport
asa choicebetweernan echellecross-dispersely a Fourier TransformSpectrometeandseveral
(~ 11) gratingsto cover the 0.6-5 uym spectralrange. Instead ,we are now baseliningan echelle
cross-dispersebly a prism.

Cross-dispersingith a prism coversthe whole spectrarangein oneobsenration,unlike sep-
aratefirst ordergratings,andso is ~11 timesfaster andis more sensitve thanthe FTS cross-
disperselby avoiding increasedeadoutnoisefrom the mary readoutsof the FTS stepsrequired
for thesehigherorders(4 - 30). It is alsomuchsimplerto implementandintegratewith thelower
resolutionmodes with the echelleand prism occupying only one positionon the gratingwheel,
comparedo 11 positionsfor the gratingsandanentirelydifferentopticalpathfor the FTS. How-
ever, becausef thelargerfootprint of theechellespectrunon thedetectomwe will beableto look
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at mary timesfewer objectsat once,only 15 - 30. This is why we droppedthis methodfor the
lower resolution.We consideroptimalsensitvity for fewer objectsto bethe preferredradein the
caseof thefewer brighterobjectsto be obseredat higherresolution.

For pointsourceghestandar@® x 2 or 2 x 3 aperturesvould be openedFor extendedsources,
slitscouldbeopenedn rows andscannedequentiallyor Hadamardransformsusedasin thenext
section.

2.8 Multiplex Imaging Usingthe Micr oshutters

Efficient full field or multiple subarrayimaging can be provided by encodingmultiple objects
with the microshutterarraymaskusingHadamardoatterns.This is mostsensitve whendetector
darknoiselimited. Shuttersnay be openeduntil the backgroundimit is reachedwithout lossof
sensitvity.

For R~ 1500,thewholefield may be obsenedto searchfor faint emissionline objectswith
weakcontinua,asmight be expectedat the very highestredshifts,with similar performanceo an
IFTS, but without interferometricoptics. This could alsobe usedto resole the two-dimensional
structureof extendedobjects, similarto anlFS, but with selectablespectraresolvingpower, spa-
tially andspectrallywell matchedo faint extendedgalaxies.

For R~ 3000— 5000,mary morethanthe 15-300bjects andstructurewithin extendedobjects
couldbeobsenred,usingthe Hadamardransformgo allow overlappingechelleformatfootprints.

3 CostEstimate

3.1 Schedule

Ourschedules baseduponthemostcurrentprogrammilestonegoundatht t p: // ngst . gsf c. nasa. gov
for the ISIM, assummarizedn tablel1. For simplicity, we assumedhat phaseA//B beginsatin-
strumentselection phaseC//D beginsat CDR andendsl monthafter Launch. Detailsaboutthe
work performedduringeachphasemayfoundundersection3.3 below.

3.2 CostSummary

A grassrootgostestimate(assuminigill costaccountingwasdevelopedby the ISAL Team,and
theRAO office producednindependentostestimatdasediponhistoricalprecedent(se@ble2).
Thedetectorsanddetectorelectronics(detect@ub-systemyverenot costedn the grassrootesti-
matebecausehe NGST projectwill provide them. The NGST projectestimateghe valueof the
detectorsub-systento begreatethan6M$. The RAO costestimatencludesthe costof thedetec-
tor sub-systemThedevelopmentcostsfor the transmissze microshutteup throughdevelopment
of a2048x 2048demonstratioshuttemwerenotincludedin thisgrassrootgstimate Development
of full size,flight qualifiedtransmissie microshutterandspareis estimatedo cost6M$; this is
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| Milestone | Date |
InstrumentSelection February2002

PreliminaryDesignReview(PDR) | Decembe002
Critical DesignReview(CDR) Decembel003

InstrumentDelivery Decembel005

StartISIM Integration March2006

Launch February2008
Table1:

Milestonesfor planningandcostinga transmissie microshuttebasedVOS spectrograph.

includedin this costestimate.The grassroot&stimateassumes successfutechnologydevelop-
mentprogramprior to the startof phaseA/B, providing a TRL of 5.25at that point(seeoriginal
report,table2.3).

With 25% Contingency
Estimation Method | No Contingency | With DetectorSS\ Without Detector SS
Grassroots 23,130 28,912

RAO (TRL=3.25) 32,700- 40,900 | 40,900- 51,200 34,900- 45,200
RAO (TRL=5.75) 28,500- 35,600 | 35,600- 44,500 29,600- 38,500

Table2:
Estimatedtotal costs,grassrootsand RAO, for a spectrograplof 173 kgs, 10 Watts power, 32
Kbytespersecdatarate

TheRAO office suggestshatthe costof technologydevelopmenbf theMOS canbeestimated
by subtractingthe estimatefor a TRL of 3.25from the estimatefor a TRL of 5.25. Using this
approachthetechnologydevelopmentostsfor the MOS is betweer3.9and4.8 M$.

Table 3 containsthe MOS instrumentdevelopmentcostsfrom the grassrootslistributed by
phasewithout contingeng, wherephaseA/B is assumedo begin right afterinstrumentselection
andphaseC/D is assumedo begin right after CDR. Figure6 containsthe manpaver distribution
by monthfrom thegrassrootsandfigure 7 containghe expectedourn rateby month.

3.3 Detalils

Thefollowing sectionscontaindetailsof the grassrootgostestimate.
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WBS <A A/B C/D
CS Cont Mat. CS Cont Mat. CS Cont Mat.
K$ K$ K$ K$ K$ K$ K$ K$ K$

1.0 Managemen 82.7 0.0 0.0 265.3 110.2 20.0 396.5 179.1 20.0

2.0 Science  132.3 130.6 9.0 509.1 653.6 28.0 1378.:2102.f 52.0
program
development

3.0 Systems 23.2 26.1 0.0 303.0 166.4 57.0 568.7 134.3 138.1
Engineering

40SR&QA 232 242 0.0 1851 126.6 37.0 235.0 204.6 36.0
5.0 Structure | 39.3 0.0 0.0 1204.7 354.4 950.0 1556.f 432.3 600.0

6.0 Optics 232 26.1 0.0 215.9 40.0 104.0 284.4 36.7 4268.(
7.0 Electronics| 23.2 28.9 0.0 124.0 315.8 116.0 811.5 671.9 554.0

8.0 Thermal  21.0 0.0 0.0 172.7 0.0 303.8 253.3 0.0 101.2
Engineering

9.0 Software  23.2 7.8 0.0 275.1 46.1 221.0 443.1 97.7 25.0
10.0 Detectors 0.0 00 00 00 00 00 00 00 0.0

Sub-total 391.6 243.6 9.0 3254.41813.11836.£5927.23859.45794.

Table3:
MOS instrumentdevelopmentostswithout contingenyg distributedby phase.

3.3.1 Management

Themanagemerteamis lean,with afull time InstrumentManageya part-timedeputylnstrument
Managera part-timescheduleandparttime administratve support.

3.3.2 ScienceProgram Development

The scienceteamcostsare estimatedusing instrumentCo-l teammembersto co-ordinatekey
instrumentcharacteristicandfunctionssuchasthe microshutterarray detectorarray optics,cal-
ibration,operationsanddatareduction,andensurehatthey work togetherto satisfythe scientific
requirements. They will define scientific requirementdor the systemand subsystemsensure
ary necessaryechnologydevelopmentsaredone ensuradesigntradesmaintainnecessarperfor
mancebut avoid over design,andprovide continuity throughdesign fabrication test,calibration,
andon-orbitoperations.

3.3.3 SystemsEngineering

A classicabystem®ngineeringpproachs assumedyith afull time InstrumenSystemEngineer
anda full time Integrationand Test Managerstartingshortly before CDR. Part time analytical
supportis includedthroughphaseA/B, andparttime administratve supporthroughout.Thecosts
for operatinghe ervironmentatestchamberandtestcellsis includedunderthisline.
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Man Month Loading By Month

40.0
Delivery
EED.D -
=
o
=
=
= 20.0
o 20 40 &0 80
Months
Figure6:

Estimatedabordistribution without contingeng for thetransmissie microshuttebasedMOS
instrumentdevelopmenimodel.

3.3.4 SR&QA

A full time quality assurancengineeis assume@ndaparttime contractpartsengineerParttime
administratve supportis assumedhroughout.Budgetfor radiationtestingandotherpartstestsis
included.

3.3.5 Structure

Laborfor engineeringmechanicatiesign,ntegration,assemblyandalignmentareunderthisline.
Materialsandfabricationandstructureareincludedaswell as2 CAD stations.

3.3.6 Optics

Laborfor engineeringanalysis,design,optical metrologyandfabricationareincludedunderthis
line. All optical elementsjncluding the flight qualified microshutterare underthis line; a flight
unit anda spareareassumedor eachopticalelement.

3.3.7 Electronics

Laborfor the design parts,fabrication,ntegrationandverificationof the electronicsareincluded
underthis line. The electronicgroundsupportequipments includedunderthis line. Threefull
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Burn rate: k$ per month

2000.0
1500.0 -
£1000.0 -
500.0 -
0 20 40 60 80
Months
Figure7:

Estimatedourn ratewithout contingeng for thetransmissre microshuttebasedVOS instrument.
Thelarge peakis for fundingsub-systenprocurementso maintainoptimalschedule.

time testconductorsareassumedo supportinstrumentystemevel integrationandtestareunder
thisline. Flight andtestcablesarecostedunderthisline.

3.3.8 Thermal Engineering

Laborfor the design,analysis parts,fabricationandtestof the thermalcontrolis includedunder
thisline. Supportfor thermalbalanceestingis includedunderthis line

3.3.9 Software

Laborfor the developmenif the on-boardembeddedoftware, NGST C &DH residentsoftware,
andgroundtestandcontrolsoftwareunderthisline. A classicakoftwaredocumentatiompproach
isassumed.

3.3.10 Detectors

Thedetectorsub-systenwill be providedby the HGST project. Integrationcostsfor the detector
sub-systenareincludedunderOpticsandElectronics.



